Stability and reliability of microbial fuel cell anodic biofilms, consisting of mixed cultures, were investigated in a continuously fed system. Two groups of anodic biofilm matured with different substrates, acetate and casein for 20-25 days, reached steady states and produced 80-87 μW and 20-29 μW consistently for 3 weeks, respectively. When the substrates were swapped, the casein-enriched group showed faster response to acetate and higher power output, compared to the acetate-enriched group. Also when the substrates were switched back to their original groups, the power output of both groups returned to the previous levels more quickly than when the substrates were swapped the first time. During the substrate change, both MFC groups showed stable power output once they reached their steady states and the output of each group with different substrates was reproducible within the same group. Community level physiological profiling also revealed the possibility of manipulating anodic biofilm metabolisms through exposure to different feedstock conditions.
Introduction
Microbial fuel cells (MFCs) are electrochemical devices that generate electricity via the metabolic activity of microorganisms, when breaking down a wide range of organic matter, including waste and wastewater. With the depleting fossil fuels and necessity of seeking alternative and sustainable technologies, the MFC technology has justifiably received increased attention from the scientific community. MFC applications primarily include electricity generation, wastewater treatment, hydrogen production and bio-sensing [13, 19, 23, 24, 29] . Further developments may include pollution treatment, resource recovery and powering of other remote equipment such as portable IT systems, environmental monitoring tools and medical support apparatus [15, 17, 18, 25, 31, 42] .
Amongst these applications, MFCs have gained attention as a new technique for microbial biosensors, which are analytical devices that combine biological recognition components with physicochemical signal transducers to convert the response to the analyte into a measurable signal [5, 37, 41] . Unlike optical transducers, producing optical properties such as adsorption, fluorescence, luminescence or refractive index, the transductive element of MFC biosensors converts biological responses to electrical signals [6] . MFC biosensors have competitive advantages including physical robustness, low cost, fast response, easy handling and portability [28, 35] . So far, potential applications of MFC biosensors have focused mostly on environmental monitoring, which include BOD (biochemical oxygen demand) and VFA (volatile fatty acid) measurements, dissolved oxygen monitoring, and toxicity detection [1, 4, 7, 21, 39, 47] .
In an MFC, mono-or mixed species of microorganisms are attached to an anode in the form of biofilm (transducer) and the performance of an MFC biosensor greatly depends on the physiological state of the anodic biofilm, which is a dynamic system that changes its status upon the given conditions. Although many of the studies on MFC biosensors have employed single species due to their consistent response, using pure cultures is limited by the narrow range of utilisable substrates, which results in a rather narrow spectrum of substrate detection capacity in comparison with mixed cultures; this is in addition to the propensity of the mono-culture to get contaminated. It was reported that MFC biosensor produced lower maximum current (peak height) when real wastewater was tested compared to pure substrates such as acetate [9] . In this respect, using mixed cultures for MFC biosensors was suggested for the purpose of environmental monitoring [16] .
Meanwhile, it is well understood that different substrates potentially have an impact on the structure and composition of the microbial community, which subsequently influences the MFC performance [14, 20, 22, 30] . Furthermore and in addition to performance in terms of power generation and coulombic efficiency, the integral composition of the bacterial community enriched under a specific feedstock condition has a potential to acclimate to other substrates depending on the initial substrate type [3, 48] . Therefore these various responses caused by different initial feedstock conditions could influence the selectivity, sensitivity 
Contents lists available at ScienceDirect
Sensing and Bio-Sensing Research j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / s b s r and response time of an MFC biosensor. Further to these findings, it was successfully shown that a change of feedstock, after the initial maturing period with a starting feedstock, altered the MFC anode microbial composition [48] . However this particular study reported slow responses due to the relatively small anode electrode size (42 cm   2 ) compared to the working volume of the anode chamber (250 mL) and batch feeding operation (10-17 days for each feeding cycle). Continuous feeding operation could be a clearer and faster way to see the progress of the MFC anodic biofilm change. Continuous flow is also able to facilitate non-cumulative steady states as previously shown [27] . Bacterial cell metabolic adaptation would happen after repeated changes with exposure to a new substrate for prolonged periods, which could diminish the effect of initial carbon sources. A question still remains about how this transition would proceed in terms of biofilm metabolic activity and its power generating performance. Nevertheless, retaining a stable and reproducible response to analytes from anodic biofilms, is one of the key requirements when implementing the MFC technology to bio-sensing. The objective of this study was therefore to (1) understand the change of biofilm metabolic activity and power generating performance under different feedstock conditions, and (2) investigate the feasibility of obtaining stability and reliability of MFC anodic biofilms during the changes. For the current study, MFCs were fed continuously with two different substrates, acetate (carboxylic acid, monomer, nonfermentable) and casein (protein, polymer, hydrolysed into monomers). These two substrates were selected as exemplars of two completely different chemical compounds, in terms of their molecular structure, with one representing an accessible short-chain-sugarbased carbohydrate (acetate) and the other representing a more complex long-chain-sugar-based protein (casein).
Materials and methods

MFC design and operation
A total of 16 single-chamber MFCs with an anodic chamber volume of 6.25 mL as previously described [43] Occasional cleaning of the anode chambers was required when blockage in the anodic chamber inlets or outlets occurred due to bacterial overgrowth. Blockage was removed manually, after opening the MFC chambers, or was washed off by switching the media flow to a high rate (580 mL/h) for 2-3 min.
The experiment mainly consisted of three steps; (1) two groups of anodic biofilm from the same inoculum but matured with different substrates (acetate for group A and casein for group B) (2) once MFCs reached steady states in terms of power output and bacterial cell population (monitored in the perfusate), the two substrates were swapped (3) once new steady states were reached, the MFCs were switched back again to their original substrates, to monitor the microbial community response. Additionally a 3rd and 4th substrate, glutamin and glucose, were provided to both groups for 3 days each at the end of the study.
All chemical, biological and electrical measurements were conducted at least in triplicate and all experiments were carried out in a temperature controlled environment, at 22 ± 2°C.
Biolog sample preparation and analysis
For studying biofilm metabolic pathway activity change, community level physiological profiling (CLPP) using Biolog AN plates (Biolog, Hayward, CA, USA) was employed. At the end of each stage, two MFCs from both groups were opened and one layer of the anodes was removed aseptically for the Biolog analysis. The anode sample was transferred into 40 mL of sterile phosphate buffered saline (PBS, Sigma-Aldrich, Dorset, UK) solution and re-suspended by rigorous vortex mixing for 3 min. The 96 wells of a Biolog AN plate were inoculated with 150 μL of each sample per well. Then the microplates were incubated anaerobically (10% CO 2 in oxygen free N 2 ) in a portable container at 30°C to allow utilisation reactions to proceed along with tetrazolium colour changes, and the changes in colour intensity were measured at 590 nm every 24 h up to 120 h, using a Biolog Microstation in accordance with the Biolog operating protocol.
Average well colour development (AWCD) was calculated according to Garland and Mills [12] , i.e., AWCD = ∑(C − R) / n where C is the optical density of each well measured at 590 nm, R is the absorbance value of the control well (A1), and n is the number of substrates (n = 95). In order to compare a specific carbon source (acetate in this case) utilisation of the two groups at different stages, the raw difference data of the well containing acetic acid was divided by the AWCD of the plate, i.e. (C − R) / AWCD. As a measure of the degree of substrate utilisation (substrate richness) and diversity of extent of particular substrates utilisation (substrate evenness), the Shannon-Wiener index (SI) was used: H = -∑ i =1 n p i (lnp i ) where p i is the proportion of a microbial activity on a particular substrate (OD i ) to the total microbial activity (∑OD i ) and N is the number of substrates on a plate [10, 45] . Plate readings at 24 h of inoculation were used to calculate AWCD and SI.
Indirect measurement of bacterial population
Viable counts were performed on non-selective nutrient agar (Oxoid, Basingstoke, UK) and the number of colony forming units per sample (cfu/mL for effluent and cfu/mm 2 for anodic biofilm) was calculated. A 1 mL volume of each sample was serially diluted to 10
and 100 μL from sample dilution 10 − 4 , 10 − 5 and 10 − 6 spread onto the non-selective recovery medium. All plates were incubated in an anaerobic cabinet (MK3 anaerobic workstation, Don Whitley, Shipley, UK) at 37°C for 5 days.
The optical density at 600 nm wavelength of each undiluted 1 mL sample was measured using a spectrophotometer (model name: 6700, Jenway, Staffordshire, UK).
Polarisation measurement and power output calculations
Power output of the MFCs was monitored in real time in volts (V) against time using an ADC-24 Channel Data Logger (Pico Technology Ltd., Cambridgeshire, UK). Polarisation experiments were performed weekly by connecting a decade variable resistor box (Centrad Boite A Decades De Resistances DR07, ELC, France) between the anode and cathode electrodes and changing the external resistance from 30 kΩ to 10 Ω in 5-minute intervals, after the MFCs had established a steady-state open circuit voltage at the start of the experiment. Maximum power output (P MAX ) and internal resistance (R INT ) were calculated from the power curves. The current (I) in amperes (A) was determined using Ohm's law.
Statistical analysis
In order to evaluate the influence of two MFC groups and substrates on the variation of power output, an ordinary two-way ANOVA analysis and an unpaired t-test were performed using GraphPad Prism 6 (GraphPad Software, California, USA). Power output data from 6 MFCs, each group during the last five days of stage 2 and 3, which were assumed as steady states, were averaged for every recording point (5-minute intervals) and superimposed. This resulted in 1440 data points each for the 4 different conditions (two groups and two substrates: group A-casein, group B-acetate, group A-acetate and group B-casein). Due to the large size of data set, a smaller data set (n = 240) was built by averaging 6 data points into 1 data point for each condition, which were sufficiently large to run a parametric test on these nonGaussian data [32] . The unpaired t-test with Welch's correction was performed separately on group A in stage 2 and 3 (group A-casein and group A-acetate) pair and on group B in stage 2 and 3 (group Bacetate and group B-casein) pair, to measure any effect of the initial feedstock condition on the MFC response (power output) to the same analytes (substrates).
Results and discussion
System maintenance
Whilst running the 16 MFCs for over 3 months, catholyte accumulation occurred. Catholyte formation on the surface of the cathode electrode was first observed as droplets on the electrode and membrane surfaces, and then catholyte accumulated in the cathodic part to the extent that power output started to decrease. It is widely known that water is synthesised by the electrochemical reaction and electroosmotic drag [33] . Although water is essential for the MFC operation, since it enables an electrolyte bridge between anolyte, membrane and the cathode, excessive water that is not appropriately removed is known to cause cathode flooding, which hinders the transfer of oxygen to the reactive site of the cathode [44] . Similar with other studies reporting catholyte formation in MFC cathodes, cathode flooding had a negative effect on power production [40, 46] . However it did not seem to significantly affect power generation until a certain point, as illustrated in Fig 1. Water in the cathode formed gradually, but a significant voltage reduction was observed only when the water level had reached the very top of the cathodic part. The sudden voltage drop was therefore thought to be due to limited air exchange through the air holes, thus hindering the oxygen supply. When water was removed, power output instantly returned to its previous level. Alteration of the cathode design, such as with the addition of a drain channel for removing the accumulated water could resolve this.
Once the MFCs had matured and showed stable performance under the given feedstock, blockage in the anodic chamber inlets or outlets was observed occasionally mainly due to the overgrowth of bacteria attached inside the anode chamber wall, suspended in the anolyte and the consequent increase of extracellular polymeric substance (EPS), which required periodic cleaning of the anodic chambers. Fig. 2 shows bacterial population changes of effluent and current generation during one cleaning cycle (8 days in this case). After cleaning, suspended cell numbers measured in OD 600 and CFU initially dropped, then rose following an exponential curve whereas current production did not seem to be affected by the cleaning. Therefore suspended cells, which consisted of daughter cells from the anode electrode biofilm, daughter cells from the anode chamber wall biofilm, and planktonic cells did not have a great effect on electricity generation of the MFCs used in this work. This also suggests that the anodic biofilm on the electrode was relatively stable.
Voltage change measured every 5 min during the cleaning to remove build-up, which lasted for about 30 min, also supported this finding (Fig. 3) . When the anolyte including suspended bacteria was removed by cleaning, the voltage output returned rapidly within 20-35 min to the levels observed before removing the planktonic bacteria.
It is generally accepted that two types of anodic electron transfer mechanisms exist in MFCs; direct electron transfer (DET) and mediated electron transfer (MET) [34, 36] . Unlike DET that requires physical contact of bacterial cells to an anode electrode or other cells, MET can take place from a longer distance with the help of mobile electron shuttling compounds. In this case, even non-anodophiles existing within and/or outside of the anodic biofilm, can contribute to electricity generation of MFCs by producing endogenous redox mediators through their metabolic pathways.
Unlike batch fed MFCs with relatively large anolyte volume and small size anodes, this system had a small anolyte volume (5.75 mL) and fast feedstock supply rate for the reactor (1.89 mL/h; HRT = 3 h). Thus the proportion of suspended cells to anode attached cells was expected to be relatively small. Suspended cells could therefore either have a positive or a negative effect on current generation. If they produce extracellular mediators, this aids anodophiles to transfer electrons from the substrate to the anode. Alternatively some could break substrates down into smaller molecules that can be used by anodophiles to produce electricity, which is unlikely in the case of acetate since it is already a simple structured substrate. On the other hand, their consumption of substrate could result in deficiency of available substrate for anodophiles, which is again unlikely in this work, since the COD of feedstocks was relatively high. If the two scenarios co-exist, then the two opposite effects offset each other. In any case, these results indicated the absence of soluble electron mediators from the suspended cells or their negligible contribution to current generation. Overall it is safe to assume that the cells within the anodic biofilm matrix -rather than suspended bacteria or electron mediators produced by the bacteria -were the main contributors for the power generation in this system. Fig. 4 shows the power output profile of the two groups at each stage. At the first stage, group A fed with sodium acetate and group B fed with casein reached steady states 20-25 days after inoculation. Group A showed higher power generation (80-87 μW) than group B (20-29 μW) and this performance lasted for 3 weeks until the two substrates were swapped. Since casein requires digestive hydrolysis, the low performance of casein fed MFCs could imply its consumption by non-electroactive species such as methanogens. Moreover, for most of microorganisms, it would be harder to utilise casein due to its complex molecular structure and composition, which needs to be broken down into monomers first. When the two groups of MFCs were supplied with different feedstocks, group B responded to the substrate change and reached the new steady state more quickly than group A, probably due to the readily biodegradable nature of acetate. Also group B produced higher power than group A when fed with acetate. This could be anticipated since similar responses were observed by others, where MFCs enriched with a more complex structured carbon source, showed better substrate versatility than when a simpler structured carbon source was provided [3] . The power output of group A steadily increased and reached a new steady state in the 3rd week after the first substrate swap. The slow power increase indicated that the group A biofilm needed to acclimate to casein by producing peptidolytic enzymes or encouraging other types of proteolytic bacteria. At the second steady state, Group A reached a similar power output level to that of group B when fed with casein, and this signified that group A was able to utilise casein to a similar extent as group B. Hence it was demonstrated that in a continuous flow system, MFCs could adapt to achieve the same level of utilisation as more complex carbon source enriched MFCs with time, even though they were adapted to metabolise a relatively simple carbon source from the maturing period. This suggests that the metabolic activity of anodic biofilm microbial communities changes dynamically with changes in nutrient conditions.
Power response to substrate change
Another meaningful observation was the stable performance of the anodic biofilm in terms of power production (inset graph, Fig 4) . As previously mentioned, continuous flow of substrates facilitates steady states and when steady states were reached, power output was very stable (100.9 ± 2.3 μW and 101.2 ± 2.2 μW for a week) until feedstock conditions were changed.
Three weeks later, when the two substrates were swapped again, the power output from both groups went back to their previous level within a week, which shows the resilience of the anodic biofilm. Again the group switched to acetate from casein responded faster than the other group, but this time group B reached a stable power production very close to the previous level in a much shorter period compared to the previous times for both group B and A. This result implies that the microbial community of the anodic biofilm 'acquired' the ability of utilising different carbon sources through exposure to different substrates.
Unlike single species, which switch their metabolic pathways by producing different enzymes under different feedstock conditions, a more complex response is expected when a large community of diverse microorganisms is involved. In the case where the main carbon source in the feedstock is changed, a single bacterial cell would switch its metabolic pathway by activating different enzymes if at all possible. Some cells may be inactive if they lack suitable enzymes for metabolising the given feedstock. In this case, other species that can utilise the given feedstock will dominate and in a microbial community, these shifts can take place simultaneously. However, from a higher level of complexity, the anodic biofilm community seemed to be able to acclimate to a new environment with a new substrate and this acclimation can be accelerated by exposure to diverse carbon sources.
The statistical results support the above findings. The ordinary twoway ANOVA test results indicate that 'substrate' accounted for 96.77% of the total variance (P b 0.0001), and 'group' accounted for 0.39% (P b 0.0001). The ANOVA test demonstrates that the level of power output produced by any of the two groups was highly dependent on the type of substrate, which shows great potential for accurate MFC biosensors. The unpaired t-tests carried out for two groups fed with the same substrate indicate that, i) there was an extremely significant effect (P b 0.0001) of the initial substrate on power output when either group A or B was fed with acetate (mean ± SEM of group A: 89.0 ± 0.6 μW, n = 1440; mean ± SEM of group B: 96.8 ± 0.4 μW, n = 1440; difference between means: 7.8 ± 0.7 μW), and ii) there was a moderately significant effect (P = 0.0034) of the initial substrate on power output when fed with casein (mean ± SEM of group A: 25.2 ± 0.2 μW, n = 1440; mean ± SEM of group B: 26.0 μW ± 0.2, n = 1440; difference between means: 0.7 μW ± 0.2). Therefore exposure to a specific substrate (initial substrate in this case) has to be taken into account when implementing MFCs as biosensors since it could affect significantly on power output.
Substrates had a significant effect on the MFC performance, not only in terms of power output but also in terms of internal resistance, which affected P MAX as depicted in Fig. 5 . During the 6th week of this experiment, before the first substrate swap, P MAX of an MFC belonging to group A was 215.8 μW then it dropped to 67.7 μW, when the main carbon source in the feedstock was changed from acetate to casein. At the same time, R INT increased to 3 kΩ from 500 Ω. This new performance level returned to the previous level, after switching back to its initial carbon source (acetate) during the 10th week. In the case of group B, the opposite behaviour was observed. P MAX rose from 137.5 μW to 242.6 μW, whilst R INT dropped from 1 kΩ to 500 Ω with the first substrate change. As seen in the temporal profile of power generation (Fig 4) , power curves clearly presented that the power performance of group A improved each week whereas there was no significant change in group B during the second stage (7-9th week).
At the end of this line of work, a 3rd and a 4th substrate, glutamine and glucose (both equivalent to COD 1125 ± 31), were supplied to the two groups for 3 days in order to investigate how both groups would respond to a different substrate that was not previously supplied. There was no significant difference between the two groups when they were fed with glutamine (130.9 ± 4.6 μW for group A and 122.5 ± 6.8 μW for group B), however group A showed higher output (78.5 ± 12.4 μW) than group B (56.3 ± 3.8 μW) when glucose was provided. Although the reason for the different substrate specificity is unclear, group A appeared to have a higher affinity to glucose. Considering that both groups showed similar level of diverse substrate utilisation (section C), it is unlikely that this difference was caused by the presence of more complex microbial community consisting of diverse anodophiles or their syntrophic bacteria in group A. On the other hand, the molecular structure of glucose is closer to that of acetate than casein, thus it might have been preferred more by group A for the relatively short time of 3 days. Other studies investigating possible application of MFCs as a BOD or COD biosensor demonstrated a linear correlation between MFC electrical output and BOD/COD values of water samples with BOD up to 350 ppm or COD up to 500 ppm [7] . Although the current study had different conditions such as continuous feeding mode and relatively high COD concentration, different substrates resulted in different levels of power output, which verifies the importance of anodic biofilm metabolic activity. In general, field samples are a mixture of various types of organic matter. Thus it is likely that even the same COD value of field samples can result in different output levels from an MFC sensor depending on the particular composition of organic compounds in samples. In order to avoid this kind of error, anodic biofilms need to be fully adapted to the nature of samples before being implemented, since a different microbial community will have a different substrate affinity, as shown in this study.
Community level physiological profiling
CLPP, introduced by Garland and Mills [12] , was originally developed for identifying pure cultures of bacteria based on their metabolic properties. This technique has also been used for heterotrophic microbial communities especially for soil bacteria from different habitats [2, 8, 10, 26] since the profile of substrate utilisation provides information on the microbial metabolic capabilities and hence on the functional diversity of a microbial community.
Initially it was expected that there would be a noticeable difference between the two groups, in terms of the number of substrates used (substrate utilisation pattern) after the first stage, once the anodic biofilm fully matured under different feedstock conditions. However they both exhibited the ability to utilise a wide range of substrates throughout the study due to the microbial diversity in the inoculum. After 120 h of incubation, all the wells except E8 (itaconic acid) turned purple, which indicates that over 90 substrates on the Biolog AN plate could be used by the microbial community of both anodic biofilms. Fig. 6A shows the Shannon-Wiener index (SI) of the anodic biofilm samples at different stages of this study. CLPP is sensitive to inoculum density [26, 38] thus it was suggested to compare different data sets with approximately the same AWCD [11] . AWCD values of group A and group B for the same sampling point of SI (24 h incubation) were 0.51 ± 0.10 and 0.50 ± 0.06 respectively, which were thought to be valid for statistical analyses. Samples were measured twice at the first stage (stages 1-1 and 1-2 shown in the graph) with 3-week intervals, in order to verify the steady states of the anodic biofilm. The result shows that metabolic functional diversity of both groups increased as the work progressed, which indicates a wider range of substrates could be utilised in later stages. Meanwhile, the SI of the group B anodic biofilm was slightly higher than that of group A throughout. This could be explained by the complex mixed consortium of diverse anodophiles and their syntrophic bacteria as a result of the production of various amino acids during the degradation of casein, which resulted in a wider substrate specificity of the group B biofilm than group A. This wider substrate specificity (but lower electricity generating performance of the group B) also supports the possibility of more antagonistic metabolic pathways existing in group B than group A. However, the difference between group B and A was not significant, and the SI values of both groups were very close to each other at the 3rd stage. Although it is not possible to see the anodic biofilm microbial community composition like with other molecular assay based methods, such as denaturing/ temperature gradient gel electrophoresis (DGGE/TGGE), CLPP allows full anodic biofilm viewing as a whole, and it showed that potential metabolic diversity had been enhanced. The results demonstrate the possibility of manipulation of physicochemical conditions, e.g. exposure to different feedstocks to encourage biofilm adaptation.
Another noteworthy finding is that the affinity to certain substrates could change even after the anodic biofilm has fully established. Normalised OD values of the Biolog AN plate well, which contained acetic acid, changed at each stage as shown in Fig. 6B . During the biofilm maturation period (stage 1) group A showed higher OD than group B, which signifies higher affinity to acetic acid as a sole carbon source. This was expected, since the anodic biofilm of group A was initially enriched with acetate. At stage 2 when the two main carbon sources were swapped, the substrate affinity of group B to acetic acid increased whereas the affinity of group A declined, which resulted in a reverse pattern to the previous stage. This pattern change happened once again when the substrates were switched back to their original substrate conditions.
Conclusions
In this study, MFC anode biofilms were exposed to different feedstock conditions (acetate and casein based) at each stage of experimental work, in order to investigate changes in anodic biofilm dynamics in terms of power generating performance and metabolic activity. The MFCs in continuous feeding mode showed a stable power output once new steady states had been reached at all stages. Also the similar level of output when fed with the same feedstock demonstrated the reliability of MFCs as a biosensor. The choice of using these substrates revealed the different dynamics of the microbial communities adjusting to the two distinctly different substrates, which can be very useful in a biosensor application context, where the MFC biosensing system is expected to be exposed to a wide range of different substrates of variant complexity. CLPP results showed that the metabolic functional diversity of anodic biofilms increased through exposure to different feedstock conditions. Stability and reliability of the anodic biofilm presented in this study are worthy of further investigation for practical implementation of the MFC technology.
